Abstract Cyclase-associated proteins are highly conserved proteins that have a role in the regulation of actin dynamics. Higher eukaryotes have two isoforms, CAP1 and CAP2. To study the in vivo function of CAP2, we generated mice in which the CAP2 gene was inactivated by a gene-trap approach. Mutant mice showed a decrease in body weight and had a decreased survival rate. Further, they developed a severe cardiac defect marked by dilated cardiomyopathy (DCM) associated with drastic reduction in basal heart rate and prolongations in atrial and ventricular conduction times. Moreover, CAP2-deficient myofibrils exhibited reduced cooperativity of calciumregulated force development. At the microscopic level, we observed disarrayed sarcomeres with development of fibrosis. We analyzed CAP2's role in actin assembly and found that it sequesters G-actin and efficiently fragments filaments. This activity resides completely in its WASP homology domain. Thus CAP2 is an essential component of the myocardial sarcomere and is essential for physiological functioning of the cardiac system, and a deficiency leads to DCM and various cardiac defects.
Introduction
Cardiomyopathy is a disease characterized by either thickening or thinning of the heart muscle, and both conditions, hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM), lead to inefficient functioning of the heart muscle and can cause sudden cardiac death. DCM is the most common cardiomyopathy and many studies point out the importance of left ventricular pathophysiology in congestive heart diseases, whereas right ventricular DCM, in which the right ventricle is dilated with thinning of the ventricular wall, is less frequently observed than left ventricular cardiomyopathy and is therefore not extensively studied [1] . In the early 1980s, Fitchett and coworkers [2] described right ventricular DCM in several patients and, moreover, observed a male preponderance in their studies. In many patients, right ventricular DCM was coupled with the occurrence of a dilated right atrium [3] . At the structural level, DCM was associated with a loss of myofibrils and sarcomeric disorganization [4, 5] . The inherited forms of DCM are associated with mutations in genes that generally encode cytoskeletal and sarcomeric proteins [1, 6] .
In sarcomeres, the precise control of actin filament length contributes to the proper function of the contractile apparatus. This control appears to occur at the barbed and pointed end of the filament as actin is mainly incorporated at the Z-disc and the middle of the sarcomere (A-band region) where it depends upon effective termination of polymerization by capZ and tropomodulin, respectively [7, 8] . Filament growth is also affected by the G-actin/F-actin equilibrium, which is regulated by G-actin sequestering proteins. Recent studies demonstrated that actin filaments in sarcomeres of actively contracting cells undergo rapid turnover in which actin depolymerizing factors cofilin 1 and 2 are involved which promote rapid actin dynamics [9] . The cyclase-associated protein (CAP) also belongs to the class of G-actin sequestering proteins.
CAP is an evolutionary highly conserved protein comprising 474-551 amino acid residues. In higher eukaryotes, two isoforms are present, CAP1 and CAP2 showing *76 % similarity. CAP consists of an N-domain followed by a proline-rich stretch and a WASP homology (WH2) domain and the actin-binding C-domain. The WH2 domain is a small motif of approximately 25 amino acids found in different proteins such as WASP (Wiskott-Aldrich Syndrome Protein), thymosin, Spire, Cordon-bleu, Leiomodin, and JMY. These proteins can either sequester monomeric actin or inhibit actin polymerization like thymosin or nucleate actin assembly like Spire, Cordon-bleu, and JMY [10] . WH2 motifs are intrinsically disordered, adopting an a-helical structure only upon binding to actin [11] . CAP in lower eukaryotes as well as mouse CAP1 are involved in cell polarity, motility, and receptor-mediated endocytosis [12] [13] [14] . Additionally, mammalian CAP1 was shown to be a proapoptotic protein [15] .
The Cap2 gene is expressed at early to late developmental stages during cardiogenesis of mice embryos [16] . We previously reported that in contrast to the broadly expressed CAP1, CAP2 is significantly expressed only in brain, heart, skeletal muscle, and skin. In keratinocytes and in undifferentiated myoblasts, CAP2 localizes to the nucleus, and in differentiated myotubes it is present at the M-line. CAP1 is present on stress fibers and in F-actin-rich regions [17] .
Although various studies implicate the role of CAPs in the organization of the actin cytoskeleton, a detailed analysis of the in vivo function of CAP is still lacking. Here we report a mouse in which the Cap2 gene is inactivated by a gene-trap approach. Our results show that ablation of CAP2 leads to severe cardiac defects marked by dilated cardiomyopathy associated with a drastic reduction in basal heart rate and prolongations in atrial as well as ventricular conduction times. Moreover, we found alterations in the mechanical properties of the CAP2-deficient myofibrils with a significantly reduced Hill coefficient and severe changes in the structure of the sarcomere. As the underlying mechanism, we propose a misregulation of actin filament assembly near the M-line due to the absence of CAP2.
Materials and methods

Generation of Cap2 gt/gt
Clone D07 was obtained from the EUCOMM consortium, Helmholtz Zentrum München, Munich, Germany. ES cells were microinjected into blastocysts and chimeras were produced. The generated chimeric males were then intercrossed with C57BL/6N females to generate F1 offspring. The Cap2 gt allele was detected by BamHI digestion of genomic DNA and Southern blotting by using probes generated by using primers pairs; forward-probe 5 0 -GGAAAACCTGTTGAAGGCAG-3 0 and reverse-probe 5 0 CCCTGAACTG AGAATGTTCC-3 0 . PCR primers for genotyping were:
Additionally, heterozygous Cap2 gene-trap mice were obtained from the EUCOMM consortium, Helmholtz Zentrum München, Munich, Germany. These mice were maintained in the C57BL/6 background.
Immunohistochemistry, antibodies, and histology Heart tissue was fixed in 4 % paraformaldehyde, embedded in paraffin, and sectioned. Incubation was with primary mouse-monoclonal antibodies (mAb) specific for desmin, alpha-actinin, troponin-I, connexin 43, and rabbit polyclonal antibodies specific for myomesin (all from Sigma), rabbit mAb antibodies against cleaved caspase 3 (Cell Signaling Technology, Beverly, MA, USA) and incubated with secondary antibodies (Invitrogen-Molecular Probes, Carlsbad, CA, USA) for 1 h. Nuclei were visualized with 4 0 ,6 0 -Diamidino-2 0 -phenylindole (DAPI). Sections were mounted and imaged with a Leica confocal microscope. LacZ staining was performed as described [18] . H&E staining was performed according to the standard procedures. Masson's trichrome staining to detect fibrosis was performed according to the manufacturer's protocol (Sigma).
RNA isolation and quantitative real-time PCR (qRT-PCR)
Hearts were dissected from 6 to 8-week-old WT and Cap2 gt/gt mice (n = 5 for each group) and immediately frozen in liquid nitrogen. Tissues were homogenized with an ULTRA TURRAX (IKA Labortechnik, Staufen, Germany) and RNA was isolated using Qiagen RNA isolation kit (Qiagen, Hilden, Germany). Quantity and quality of RNA was analyzed on an Agilent Bioanalyser (Agilent Technologies). cDNA was prepared by reverse transcription of 2 lg RNA using the Transcriptor High fidelity cDNA synthesis Kit (Roche, Germany). Real time PCR was carried out with the Opticon III instrument (MJ Research) using the Quantitect TM SYBRÒ green PCR kit (Qiagen, Hilden, Germany). For every cDNA quantification, three reactions were performed in parallel per animal, quantification results were normalized with the GAPDH control and mean values were calculated. q-PCR primers used for ANP and BNP were ANP-Fp: 5 0 -TG CCGGTAGAAGATGAGGTC-3 0 , ANP-Rp:5 0 -AGCAGCT GGATCTTCGTAGG-3 0 and BNP-Fp:5 0 -CAGCTCTTGA AGGACCAAGG-3 0 , BNP-Rp:5 0 -AGAGACCCAGGCAG AG TCAG-3 0 . Northern blot was done as previously described [17] .
Western-blot analyses
Tissues were homogenized and lysed according to [17] ; proteins were resolved on polyacrylamide SDS gels, transferred to nitrocellulose membranes, and then subjected to immunolabeling. Primary antibodies used were polyclonal antibodies (pAb) against CAP1 and CAP2 [17] and mAb against b-actin (Sigma, St. Louis, MO, USA). Horseradish peroxidase conjugated secondary antibodies were used for detection.
Expression of CAP2 domains and in vitro assays N-CAP2WH2 (aa 1-310), WH2-CCAP2 (aa 247-476), DWH2-CCAP2 (aa 310-476), and WH2 (aa 247-310) encoding sequences were cloned into pGEX 4T-3 expression vector, proteins were expressed, purified and the GST moiety was removed by thrombin cleavage. Actin purification, labeling, and fluorescence measurements were carried out using procedures described previously [10] .
Interaction of the WH2 domain and actin Actin polymerization was analyzed on a LS-50 Perkin Elmer fluorometer using pyrenylated rabbit skeletal muscle actin essentially as described by [19] . Fluorescence microscopy data were acquired on a Zeiss LSM 510 confocal microscope. Actin was labeled with the amine-reactive dye Alexa Fluor 488 carboxylic acid succinimidyl ester (Invitrogen) essentially as described by [20] . Labeled actin (5 lM) was prepolymerized for 60 min, diluted to 1 lM in polymerization buffer, and subsequently bundled by the addition of 0.3 lM human fascin. Using two Teflon spacers (20 9 0.5 mm) and a normal 18 9 18 mm coverslip, a flow chamber was mounted on a 50 9 50 9 0.16-mm glass slide that was coated with nitrocellulose (0.1 % collodion-solution in isoamyl alcohol). The resulting chamber was floated with 0.1 lg/ll NEM-HMM in NEM-buffer (2.5 mM imidazole (pH 7.4), 440 lM MgCl 2 , 100 lM EGTA, 30 lM KCl) for 3 min and then washed with polymerization buffer. The buffer was replaced by an appropriate dilution of the actinfascin mixture and the bundles were allowed to bind to the NEM-HMM for 10 min. After removal of unbound actin bundles with polymerization buffer, the chambers were ready for addition of WH2 solutions. Usually, the area of interest was scanned 49 per frame at a frame rate of 1 s.
Electron microscopy
For electron microscopy, the pieces of heart tissue were quickly immersed in glutaraldehyde and cut into 1-mm 3 cubes. Thereafter, the tissue was fixed for 2 h in a solution of 2 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH = 7.4) at 4°C. The tissue was then thoroughly washed three times in 0.1 M sodium cacodylate buffer and postfixed in 1 % OsO4 in 0.1 M sodium cacodylate buffer for 2 h at 4°C. After the repeated washing, the tissue was dehydrated in graded alcohols and embedded in Epon 812. The blocks were cut on an Ultramicrotome (UltraCut UC-6, Leica, Wetzlar, Germany). Ultrathin sections were routinely contrasted with uranyl acetate and lead citrate. The material was examined with a Zeiss EM-902 electron microscope (Carl Zeiss, Oberkochen, Germany). [21] .
Steady-state force and kinetic force measurement in myofibrils Subcellular myofibrils were isolated from Triton-X100 skinned papillary muscles of right and left ventricles from Cap2 gt/gt and WT mice. Myofibrillar force was measured using an atomic force cantilever and the rapid solution change technique described in [22] . Solutions used in force measurements contained 10 mM imidazole, 1 mM K 2 Cl 2 Na 2 Mg-ATP, 3 mM MgCl 2 , 47.7 mM Na 2 CrP, 2 mM dithiothreitol, and either 3 mM K 4 Cl 2 -EGTA (relaxing solution) or 3 mM K 4 Cl 2 Ca-EGTA (activating solution), adjusted to pH 7.0 at 10°C as previously described [22, 23] . Solutions containing different activating [Ca 2? ] were produced by mixing relaxation and activating solution at the appropriate ratios. Experiments were performed at 10°C. Briefly, the myofibril (size: 1.8-5 lm in diameter and 34-62 lm in length) was mounted in relaxing solution between a stiff micro-needle and the tip of an atomic force Transcripts initiated at the endogenous promoter are spliced from the splice donor (green) of an endogenous exon (exon 2 and exon 3) to the splice acceptor (purple) of endogenous exons (exon 3 and exon 4). Homologous recombination gave rise to a gene trap of CAP2 (3 0 LoxP missed). Transcripts shown as gray dotted line initiated at the endogenous promoter are spliced from the splice donor of an endogenous exon 2 and the splice acceptor of lacZ cassette (diagram not drawn to scale). P1, P2, and P3 are the primers used for genotyping of mice. b Southern-blot analysis of Bam HI digested genomic DNA. Hybridization of radioactively labeled CAP2 probe results in detection of the 10-kb fragment of the WT genomic locus. After the homologous recombination event, hybridization gives rise to an additional fragment of 8 kb. c PCR analysis for genotyping. PCR was performed using primers mentioned in the Materials and methods section for genotyping the animals. The WT allele gives a product of *550 bp (P1 and P3) while the mutant allele gives a product of *800 bp (P2 and P3). d Northern-blot analysis. 10 lg of RNA from hearts of WT, Cap2 gt/? and Cap2 gt/gt was separated on a 1 % agarose gel in the presence of formaldehyde (6 %). The resulting blot was probed with a probe corresponding to nucleotides 1-671 of the mouse CAP2 cDNA. e Western-blot analysis using WT and Cap2 gt/gt heart and brain lysates. Proteins of heart and brain lysates were separated on SDS-PA gels (10 % acrylamide) and transferred onto a nitrocellulose membrane. The blots were probed with anti-CAP2 polyclonal antibodies. No protein was detected in Cap2 gt/gt while in WT lysates the protein was detected at *56 kDa. Actin was used as a control cantilever. After mounting, slack sarcomere length (SL 0 ) was determined in relaxing solution. Prior to activation, all myofibrils were stretched to a sarcomere length (SL) of 2.3 lm. Then, Ca 2? -activated force development kinetics and force relaxation kinetics were induced by rapidly (within 10 ms) switching from relaxing to activating solution and switching back to relaxing solution using a microflow technique [22] . Statistical analysis was performed by subjecting the data to Student's t test. Statistical significance is denoted by * for p \ 0.05, and ** for p \ 0.01. All values are given as mean ± SEM (standard error of the mean) of n myofibrils from three mice from each group.
Results
Generation of a CAP2 knockout mouse
To generate mice lacking the Cap2 gene, we used targeted ES cells (JM8.N4) containing an insertional gene trap which were obtained from the EUCOMM consortium, Helmholtz Zentrum München, Munich, Germany. ES cell clone D07, which was used in this study, represented a gene-trap that could terminate the transcription of the endogenous gene through altered splicing (Fig. 1a) . The gene-trap (gt) cassette was inserted in intron 2 of the mouse Cap2 gene on chromosome 13. Alternative splicing of the Cap2 gt allele generates a new transcript that is a fusion of exon 2 and the LacZ reporter. The fusion protein encodes the first 40 amino acids of CAP2, which are unlikely to show any function mediated by full-length CAP2. We confirmed clones carrying the homologous recombination event with Southernblot analysis in which we detected an additional band of 8 kb representing the mutant allele (Fig. 1b) .
We obtained Cap2 gt/gt mice by mating Cap2 ?/gt male and Cap2
?/gt female from clone D07. Additionally, we also obtained Cap2
?/gt male and Cap2 ?/gt female, which were generated from a different gene-trap clone (B08) at EUCOMM, Munich, Germany. PCR on genomic DNA from tail biopsies was performed with animals, which confirmed the genotype of Cap2 gt/gt mice showing a single band of 800 bp (Fig. 1c) . All phenotypes were confirmed with both mouse lines obtained from the two independent clones. We also carried out Northern-blot analysis to confirm the mutant and to rule out any possibility of generation of aberrant transcripts. An N-terminal probe (1-671 bp of Cap2 cDNA) showed the expected transcripts at 3.6 and 3.2 kb in WT as previously reported [17] . The amounts were reduced in Cap2 gt/? mice and no transcripts were observed in Cap2 gt/gt mice (Fig. 1d) . The successful inactivation of the Cap2 gene was confirmed by Westernblot analysis where we probed heart and brain lysates obtained from Cap2 gt/gt mice and their wild-type (WT) littermates with CAP2-specific polyclonal antibodies [17] . In lysates from WT brain and heart, a signal at *56 kDa was detected; no protein was seen in lysates from Cap2 gt/gt mice ( Fig. 1e ). When we probed the blot for expression of CAP1, we did not detect significant up-regulation upon loss of CAP2 excluding the possibility that CAP1 compensates for the deficiency (data not shown).
CAP2 deletion leads to weight loss and is lethal in postnatal stages of mice
The notion that the size of Cap2 gt/gt mice at birth appeared smaller prompted us to follow the body weight. An average weight reduction of approximately 30-40 % was consistently observed in mutant females (Fig. 2a, b) . CAP2 deficiency appears to manifest shortly after birth, as during development there was no significant difference in the size of the embryos (data not shown). For male mice, we also noted a lower body weight with an average weight reduction of 40-45 % compared to their WT littermates ( gt/gt males died between 1 and 70 days after birth. The remaining 15 animals were still alive after 70 days (Fig. 2d) . Analyses of Cap2 gt/gt embryonic stages revealed that mutant mice did not die during embryogenesis. This was also underlined by the Mendelian ratio in which the animals were born (25 % WT, 50 % Cap2
?/gt , 25 % Cap2 gt/gt ).
Cap2 gt/gt mice exhibit ventricular dilation and a dilated atrium
To determine the cause of death, we focused on the analysis of the hearts from Cap2 gt/gt mice and their WT littermates. We first probed the expression of CAP2 in the whole heart by taking advantage of the gene trap, which allowed us to follow the expression of the b-galactosidase fusion protein derived from the LacZ reporter. We used hearts from 30-day-old Cap2
?/gt mice and detected X-Gal staining in both atria and ventricles indicative of CAP2 expression (Fig. 3a) . At the protein level, we found that it was expressed equally in both ventricles and both atria in WT (data not shown).
Next, we analyzed the hearts and observed an increase in size in the knockout animals with a severe dilation of both ventricle and right atrium ( Fig. 3b and c) . When we compared the hearts from 13-month-old mice, we observed that all four chambers were severely dilated and the size of the heart was drastically increased in Cap2 gt/gt mice compared to their WT littermates (Fig. 3d ).
CAP2 and cardiomyopathy 531
Cardiomyopathy is accompanied by the reactivation of fetal cardiac gene expression like the up-regulation of atrial and brain natriuretic peptides, ANP and BNP. We assessed the levels of the peptides by quantitative real-time PCR and found in Cap2 gt/gt mice aged 6-8 weeks that the levels of ANP were increased by *3-fold and BNP *4-fold as compared to age matched WT, indicating the development of cardiomyopathy (Fig. 3e ).
Cap2
gt/gt mice develop dilated cardiomyopathy So far, we understood that the loss of CAP2 leads to cardiac dilation, in the following we examined the consequences of the deletion of CAP2 in detail. For both sexes, we observed a reduction in weight at any given time point. The animals were fertile and female mice showed a life span up to 12-14 months (n = 24) after which survival decreased rapidly. Autopsy revealed gross morphological differences between Cap2 gt/gt and their control littermates. Cap2 gt/gt male and female hearts were characterized by drastic enlargement of ventricles, which was consistently observed in all mice from 40 days onwards. Interestingly, all of the Cap2 gt/gt mice that died between P1 and P70 also showed an enlarged right and left ventricle. H&E staining of cardiac sections confirmed the dilation of the ventricles ( Fig. 4a-d ; Table 1 ). Consequently, the total area of the right ventricular chamber was also increased significantly in Cap2 gt/gt mice (Fig. 4e) . In addition, we noticed a thinning of the ventricular myocardium compared to the total area (Fig. 4f) .
Dilated cardiomyopathy is often associated with abnormalities in electrical conductivity of the heart. To check conductivities in mutant hearts, we performed surface electrocardiography (Table 2) . Nine WT (five male, four female) and eight mutant (four male, four female) animals were used in surface ECG recordings. The surface ECG showed a significantly decreased heart rate in Cap2 gt/ gt . With decelerated heart rate, we also observed a significantly prolonged PQ interval at equal P-wave length in Cap2 gt/gt mice, which can be attributed to negative dromotropic effects correlated with slower heart rate. In the Cap2 gt/gt mice, the parameters for atrio-ventricular conduction time (PQ time) as well as intraventricular conduction times (QRS time and QT time) showed marked prolongations compared to WT (Table 2 ; Fig. 4g ). After correction for the heart rate, the QTc did not differ between the groups.
Proliferation of interstitial fibroblasts and biosynthesis of extracellular matrix components in the heart are defined as cardiac fibrosis. It is a consequence of remodeling processes initiated by pathologic events associated with a variety of cardiovascular disorders, which leads to abnormal myocardial stiffness and, ultimately, ventricular dysfunction [24] . Staining with Masson's trichrome on transverse cardiac sections of 2-month-old mice revealed no symptoms of fibrosis in Cap2 gt/gt mice (data not shown), but at the age of 6 months we could clearly observe fibrosis in the ventricles of Cap2 gt/gt mice whereas this was not the case in their WT littermates (Fig. 4h) . As an increase in fibrosis might be associated with increased apoptosis, we performed caspase 3 staining on cardiac sections (three male, one female; 2-6 months old) and found that mutant myocardium had significantly higher numbers of apoptotic cells than WT (WT, 0.12 % cells; Cap2 gt/gt , 0.94 % cells; p \ 0.0005). Also, caspase 3-positive cells were not restricted to any particular region of the myocardium (Fig. 4k) . In general, apoptosis was more prominent in failing hearts.
To investigate embryonal heart development and the possibility of development of cardiomyopathy/cardiac defects during embryogenesis, embryos between E11-E15 were studied. Whole-mount analysis revealed that embryos did not show obvious external abnormalities. Similar to their WT littermates, at E13.5 cardiac chamber formation was observed in Cap2 gt/gt mice (Fig. 4i) . The cardiac ventricular walls of the Cap2 gt/gt were slightly thinner than those of the control embryos; the ventricular myocardium of control and Cap2 gt/gt appeared normal (Fig. 4i) . Thus, overall heart development appeared to be not severely affected during embryogenesis of Cap2 gt/gt mice. At age P4, mutant hearts exhibited dilated atria and mildly dilated ventricles (Fig. 4j) . This underlines our previous finding that CAP2 is expressed in all four chambers and is responsible for physiological functioning of the atria and ventricles, which ultimately govern the heart performance.
CAP2 is required for proper sarcomeric organization in cardiac tissue
We have previously shown that CAP2 is primarily located at the M-band of the sarcomere accompanied by fine striations on either side of the M-band [17] . We performed immunofluorescence studies to investigate the effect of CAP2 inactivation on sarcomeric organization. In wildtype cardiac tissue, we observed well-formed regular sarcomeres, whereas for cardiac sections derived from Cap2 gt/gt animals, we observed a mixed sarcomeric organization.
Some areas in the ventricles and atrium had well-formed sarcomeres, in other areas the sarcomeric organization was disarrayed. Ventricles and atria appeared equally affected. Double immunofluorescence using desmin (Z-band) and myomesin (M-band) antibodies revealed elongated and gt/gt hearts revealed increased fibrosis (blue) in comparison to WT hearts. i H&E staining of transverse sections through the heart at E13.5 shows no major defects in mutant embryos. j Mutant mice at P4 showed severe dilation of atria and mild dilation of ventricle. k Increased apoptosis in mutant mice visualized by cleaved caspase 3 immunofluorescence. Nuclei were stained with DAPI well-organized sarcomeres in WT mice, whereas in Cap2 gt/gt mice the M-line was severely disturbed as we could not observe a well-formed M-line as detected by myomesin in many areas of the cardiac sections (Fig. 5a) . In heart specimens from the mutant we also saw a striated staining pattern for desmin, alpha-actinin, and troponin-I, however, it was frequently irregular, and in addition we detected areas with deposition of desmin aggregates as observed in desminopathies [25] . Aggregate-like structures were also seen when we stained for troponin-I. Consistent with this, we also noted disorganized sarcomeres in mutant skeletal muscle when compared to WT (data not shown). The intercalated discs as visualized by connexin 43 labeling appeared not to be dramatically altered at this level of resolution (Fig. 5b) .
Consistent with our confocal analysis, examination by electron microscopy revealed severe disarray of sarcomeres in ventricular myocardium of Cap2 gt/gt . In WT ventricular myocardium, the sarcomeres showed clearly defined A-and I-bands and Z-discs and M-lines. In Cap2 gt/gt mice, the length of the sarcomeres appeared reduced with the M-lines and I-bands almost indistinguishable. The overview at lower magnification illustrates the reduced number of myofibrils in heart muscle cells as well as the missing of the dark zone and the narrowed banding pattern (Fig. 5c ).
Passive and active mechanical properties of myofibrils
To determine whether the dilated cardiomyopathy induced by the lack of CAP2 results from altered mechanical properties or from impaired contractile function of the sarcomeres, the passive, active, and kinetic force-generating properties of myofibrils isolated from Cap2 gt/gt and WT hearts were investigated (two males and one female were used from each genotype).
When compared to the corresponding WT control, the slack sarcomere length (SL 0 ) is significantly reduced (p \ 0.05) in left ventricular myofibrils and highly significantly reduced (p \ 0.01) in right ventricular myofibrils from Cap2 gt/gt mice (Fig. 6a) . Figure 6b and c show relations of the passive tension (F pass ) measured at relaxing [Ca 2? ] (pCa 7) on the sarcomere length (SL). The lines in the figures represent the best fit of the worm-like chain model of entropic elasticity [26] to the experimental F pass -SL data points (Fig. 6b, c) . At SL C 2.1 lm, the experimental and the modeled F pass -SL relation of left and right ventricular myofibrils from Cap2 gt/gt mice are shifted upwards compared to the corresponding WT relation. Thus, in myofibrils lacking CAP2, a higher tension is required for stretching the myofibril to a certain SL than in WT myofibrils.
Force development kinetics were studied in two ways: (1) ]-reduction, the force decays biphasically, starting with a slow linear phase with the rate constant k LIN that lasts for a time t LIN whereupon force decays by a fast, mono-exponential relaxation phase with the rate constant k REL . None of the three relaxation parameters exhibited significant differences between myofibrils from Cap2 gt/gt and WT mice ( Table 3 ), suggesting that sarcomeric relaxation in the myofibrils, which appeared morphologically intact, is not grossly changed.
The force-pCa relations of myofibrils isolated from the left and the right ventricle of Cap2 gt/gt mice were slightly shifted to the right compared to the corresponding relation of the WT control, indicating a slight decrease in the Ca 2? -sensitivity of force development in the CAP2-deficient mice (Fig. 6d, e) . Moreover, the Hill coefficient reflecting the overall cooperativity of the force-pCa relation was significantly reduced in myofibrils from right ventricles of Cap2 gt/gt mice (Fig. 6f) . Taken together, CAP2 ablation led to reduced sarcomere length, altered passive mechanical properties, and reduced cooperativity of Ca 2? -regulated force development of right ventricular myofibrils. Total number of mice 40 22 Sudden cardiac death 32 8 
CAP2 and F-actin dynamics
An actin association of CAP2 has been addressed previously and it was shown that the C-terminal half of CAP2 shows G-actin sequestering activity [17] . Here we identify a WH2 domain in CAP2 and show that it mediates the actin sequestering activity of the protein. The WH2 domain was identified in a comparison with N-WASP and thymosinb4. It is located at position 247-310 and contains the essential LRHV motif and a N-terminal helix preceding this motif [27] (Fig. 7e) . We generated various CAP2 fusion proteins corresponding to individual domains (Fig. 7a) , characterized their interaction with G-actin, and compared it to the one of the full-length proteins. In actin polymerization assays, we found that full-length CAP2 (Fig. 7b) , a polypeptide encompassing the WH2 domain and the C terminal part (WH2-CCAP2; Fig. 7c ), and the WH2 domain (Fig. 7d) exhibited a G-actin sequestering activity whereas the C-terminal domain lacking the WH2 domain (DWH2-CCAP2) did not show any activity (data not shown). Therefore, we conclude that the actin-sequestering activity of CAP2 resides in the WH2 domain. This domain could also disrupt preformed actin filaments ( Fig. 7f ; Supplemental movie). A similar activity has been described for Spire WH2 domains [28] .
To address the oligomerization potential of CAP2 gel filtration column chromatography was carried out. The N-terminal domain eluted in fractions corresponding to a dimer and a monomer (70 and 35 kDa), the WH2 domain alone existed in three different populations from monomer to trimer (Fig. 7g, h ) and the C-terminal domain was present as a dimer at 50 kDa (Fig. 7i) . Taken together, our gel filtration data suggest that CAP2 has the potential to form dimers or trimers and this property may be necessary for its in vivo role.
Discussion
In the current study, we generate mice lacking CAP2 using a gene-trap approach, which inactivates the protein nonconditionally. For the first time, we show that deletion of CAP2 leads to DCM and dilation of the atria, which eventually results in severe dilation of all the four chambers with age. Although Cap2 is detected at stages E7.5, E8.5, and E9.5 by whole-mount in situ hybridization in the heart, suggesting that it is expressed during cardiogenesis, the CAP2-deficient mice did not exhibit obvious apparent morphological changes in the embryonic heart. CAP2 deletion is lethal in postnatal stages. Most of the deaths in the mutant mice were from sudden cardiac death. Given the fact that there are severe conduction delays, reentry tachyarrhythmia is possible. Our hypothesis is that the severe cardiomyopathy that these mice developed led to various arrhythmias like ventricular tachycardia and ventricular fibrillation, which caused the sudden cardiac death. These possibilities must be studied further. We know from human studies that the patients with dilated cardiomyopathy have a high rate of annual mortality of 5-10 % despite having the best medical treatment. Sudden death is accounted for in over 50 % of these deaths, most often due to rapid ventricular tachycardia and ventricular fibrillation [29] . The presence of apoptosis and fibrosis in the Cap2 gt/gt mice suggested that there was an early cell death in the myocardium. This cell death was mostly uniformly spread in the myocardium and not related to any particular vessel territory, which points toward genetically programed cell death rather than being ischemia-related. Increased apoptosis was more prominent in failing hearts and in hearts, which had already developed DCM. Whereas a link between CAP and apoptosis has been established for CAP1 and yeast CAP, such a connection has not been investigated for CAP2 and it is unclear at present what the underlying mechanism might be [15, 30] . One possibility is that genes in the surroundings of the Cap2 locus are affected in their activity by the genetic manipulation. Of interest in this context is the Rnf144b gene located in the immediate vicinity of Cap2. Rnf144b encodes an IBR-type E3 ubiquitin ligase, a gene that is implicated in apoptosis [31] . Further investigations are needed considering the emerging importance of genome-regulatory blocks.
A further finding of our study is that mortality due to DCM and atrial dilation is more evident in male than female animals. The cardiac dilation and thinning of the myocardium relative to the chamber area are remarkably similar to those observed in histomorphometric analyses of biopsy samples from human dilated cardiomyopathy [32, 33] . In most of these cases, the heart exhibited an increased 2.01 ± 0.23 weight relative to the body, wall thinning, and chamber dilatation similar to the pathological alterations observed in Cap2 gt/gt mice. The human CAP2 gene is present on chromosome 6, specifically at 6p22.3. Davies et al. [34] reported a new interstitial 6p22-24 deletion syndrome after finding several cases with this type of deletion. The patients studied showed various cardiac defects along with other developmental abnormalities. In recent work, Bremer et al. [35] mapped and narrowed down the critical region for the 6p22 deletion phenotype to 2.2 Mb and found the human CAP2 gene in this locus. As the patients were haploinsufficient for the deletion it might be that the amount of protein needed for physiological cardiac functioning was inadequate. Consistent with the findings in human, we also observed mild dilation of the heart in the heterozygous situation while in the homozygous situation these mice developed DCM. To support this hypothesis further, the involvement of CAP2 in human DCM patients needs to be addressed.
In our studies, we observed that DCM developed in both female and male mutant mice, but mortality was more pronounced in male mice than females. This is in accordance with previous studies showing that female sex protects against the severity and frequency of DCM [36, 37] . Many studies in a number of mouse strains revealed multiple differences between male and female animals. Transgenic overexpression of phospholamban, TNF-a, b2AR, NCX showed a gender-related discrepancy in the cardiac phenotype in which the more severe phenotype was observed in males [38] [39] [40] [41] . Similarly, gene disruption of FKBP12.6, phospholamban, and ERa revealed a cardiac phenotype with male preponderance [42] [43] [44] . Studies with patients hospitalized for acute heart failure in the EuroHeart Failure Survey II revealed that men had DCM more frequently than women [45] . The exact molecular mechanism is still unknown, but the hypothesis is that estrogen prevents the development of cardiovascular diseases that could culminate into CHF [37] . However, this was challenged by the findings that estrogen replacement in postmenopausal women actually increased heart disease [46] . Thus, our Cap2 gene-trap model may serve as a good addition to current DCM models to understand the molecular basis of DCM and sex differences in DCM progression.
Dilated cardiomyopathy is characterized by structural abnormalities that affect myocardial activation and mechanical contraction [47] . The electrical impulse propagation may be delayed concomitant to pathological involvement of the conduction system or due to inhomogeneous spread of excitation wavefronts across scarred tissue [48] . Consistent with our results of the X-Gal staining that showed a high level of CAP2 expression in both atrial and ventricular tissue, we demonstrated significant prolongations in atrial as well as ventricular conduction times in Cap2 gt/gt . Furthermore, we found a drastic reduction in the basal heart rate in the mutant mice that might point towards a pathological involvement of sinus node function. CAP2 expression at high levels in all major sites of the heart points to a general role of CAP2 in the physiology of the cardiac system. Young Cap2 gt/gt mice exhibit DCM, thinning of ventricular wall, atrial dilation, and structural cardiac defects. Later on, with ageing, the whole heart is severely affected, leading to the dilation of all four chamber of the heart.
The sarcomere consists of the Z-disc, A-bands, and M-line. Organization of each of these structures is essential for proper functioning of the sarcomere and their perturbation can lead to malfunctioning of cardiac tissue. Several studies have linked cytoskeletal proteins to cardiomyopathy such as the Z-disc proteins ALP and ZASP/cypher [49, 50] , the membrane-associated cytoskeletal proteins dystrophin [51] and sarcoglycans [52] , and the intermediate filament component desmin [53] .
The M-band proteins myomesin and C-protein crosslink the thick filament system (myosins) and the M-band part of titin, the component of the elastic filaments. Thus, the impairment of the M-band structure and its consequence on overall sarcomere organization could be a key event during development of dilated cardiomyopathy. A muscle LIM protein knockout mouse (MLP-KO) and a transgenic mouse with stabilized b-catenin in the heart progressively develop a severe DCM phenotype and result in heart failure and premature death [54, 55] . Interestingly, in both of these DCM models, myomesin and M-protein expression were altered. DCM samples from human also confirmed the upregulation of myomesin [56] . Such an increase was related to remodeling and hypothesized as a general adaptation to the altered contractile mechanics of the sarcomere in the dilated heart. An indirect approach where transcription factor Mef2c was knocked out in a skeletal muscle-specific manner, led to drastic reduction of myomesin and a disorganization of sarcomeres [57] . There is still no myomesin knockout mouse available that could address the in vivo function of this protein family. We study a further M-band protein, CAP2 [17] , and show that its ablation leads to ventricular DCM clearly indicating its necessity at the M-band and its effect on sarcomere organization.
Myofibrillar organization is important in physiological functioning of the cardiac system. The turnover of the entire actin filaments in myofibrils is not completely understood, and it is reported to be slow [8] . The sarcomeric actin filaments are very stable in non-contractile cells, whereas contractility induces rapid depolymerization of the non-productive filaments [9] . These may be subsequently replaced by rapid actin filament nucleation [8] .
CAP2 is present in the relevant area of the sarcomere to regulate filament formation [17] and our data show that lack of CAP2 leads to a disarray of the sarcomere, presumably due to the loss of its G-actin sequestering and filament-fragmenting activity.
Even though right heart failure is most often a consequence of the left ventricular dysfunction in a diffuse myocardial disease, right ventricular failure might develop before the left ventricular failure [2] . Right ventricular dilation is one of the critical issues that could lead to lifethreatening arrhythmia. Clinical studies pertaining to right ventricular abnormalities show a common trend of RV dilation in certain groups [58] . Although many clinical studies in human patients point out the severity and detrimental effects of dilation of RV and/or RV-DCM, its exact causes on the genetic level and its governing mechanisms are poorly understood. Interestingly, CAP2 deficiency reduces the cooperativity of calcium-regulated force development in right ventricular myofibrils, which might indicate that impaired cooperative activation of the regulatory troponin-tropomyosin units on the actin filament is a primary dysfunction associated to the development of DCM in CAP2-deficient mice. CAP2 might be one of the important genes that could be indispensable for physiological heart functioning in humans, an issue that must be addressed further.
In summary, our studies demonstrate that CAP2 is essential for physiological functioning of the cardiac system and a deficiency leads to DCM and various cardiac defects. At the ultrastructural level, ablation of CAP2 leads to disarray of the sarcomere and abnormalities in electrical conduction in cardiac tissue. Moreover, mechanical properties of myofibrils are affected with a drastic reduction in the cooperativity of calcium-regulated force development. At the subcellular level, CAP2 regulates actin dynamics by binding to G-actin through its WH2 domain, preventing polymerization and also severing of F-actin, thereby affecting filament stability, and these activities might be vital for the structural integrity of the sarcomere as proposed in the model (Fig. 8) .
